A series of Reduced Triaxial Extension (RTE) tests were conducted on dummy (brass) and null (water) samples to determine the effects of (corrections required for) piston uplift, piston friction and system compliance associated with RTE tests. During the consolidation stage of RTE tests, the sample may be consolidated in isotropic or anisotropic stress conditions. During the shearing stage of an RTE test, the sample is unloaded in the axial direction by decreasing the deviator stress while the radial stress remains constant.
INTRODUCTION
Advances in triaxial testing equipment including automated pumps and automated load frames used for measuring and controlling cell pressure, pore pressure, and axial force have led to ease in conducting these tests. This equipment has enabled triaxial tests to be conducted on samples consolidated under isotropic or anisotropic conditions. Ladd and Degroot (2003) state that, "computer automated stress path triaxial equipment makes the task of achieving K o consolidation much simpler and more efficient than manual methods." Ladd (2009) also mentioned the benefits of using Geotechnical Test Acquisition Control (GEOTAC) equipment and software. In fact, the GEOTAC equipment and software are increasing the capabilities of triaxial testing, enabling many users to conduct SHANSEP analyses by following the procedures outlined by Ladd and Foote (1974) and Ladd and DeGroot (2003) . Users are permitted to conduct triaxial compression and triaxial extension tests on soft soils to obtain undrained shear strength estimates that approximate the undrained shear strength obtained from direct simple shear tests. However, many users of the equipment may be unaware that the software does not account for change in sample area, piston uplift, piston friction, and filter paper and membrane effects in triaxial compression or triaxial extension testing. These effects may be leading to incorrect levels of anisotropic stress being applied to the sample during consolidation, and to incorrect axial force measurements being obtained during shearing. Several researchers have developed ways to correct for change in area, piston uplift, piston friction, and filter paper and membrane effects in triaxial compression, however, there has been limited discussion on how to correct for these effects in triaxial extension testing. The techniques used to account for these effects in triaxial extension testing are presented.
LITERATURE REVIEW
Several researchers have investigated and discussed the effects of sample necking, piston uplift, piston friction, filter paper and rubber membranes on triaxial extension strength data. Roscoe (1963) , Shibata and Karube (1965) , Lade and Duncan (1973) , Yaramuro and Lade (1995) , and Lade et al. (1996) focused on the effects of sample necking and the prevention of sample necking by using cubic samples or membranes with cylindrical plates. These researchers were trying to eliminate the need for the use of area corrections to compensate for strain localization. Mitachi et al. (1988) and Wu and Kolymbas (1991) used internal load cells to isolate the effects of piston friction, and conducted tension tests on pieces of rubber membrane to account for the force carried by the membrane. Mitachi et al. (1988) suggest using Equation 1 to determine the axial force carried by the rubber membrane (assuming there is no slip between the membrane and the specimen and neglecting the form change of the rubber membrane due to necking). 
METHODS AND PROCEDURES
A series of triaxial extension tests (21 tests) were conducted to determine the contribution of piston uplift, piston friction, membrane elongation and filter paper on measured shear strength. The series of tests consisted of two sets of experiments. The first set of experiments (10 tests) utilized a 1.5 inch (3.81 cm) diameter by 3.0 inch (762 cm) tall brass dummy sample while the second set of experiments (11 tests) utilized a 1.5 inch (3.81 cm) diameter by 3.0 inch (762 cm) tall ice dummy sample. Because no American Society for Testing and Materials (ASTM) standard exists for consolidated undrained triaxial extension testing for cohesive soils, the triaxial apparatus was assembled following the procedures outlined in Section 7 of ASTM D 4767 (2004) during both series of experiments. The wet mounting method (Section 7.2.1) was employed and filter-paper disks and a filter-paper cage were used. The filter-paper cage consisted of angled strips (48 degrees from horizontal) with a side surface coverage area of 58 percent to reduce hoop stress and axial load while enabling horizontal drainage. The membrane used was a latex, non-lubricated condom with the end cut. The membrane was connected to the top and bottom caps of the sample using rubber O-rings. New filter paper disks, filter paper cages, and membranes were used for each test.
Testing Equipment
Trautwein GEOTAC equipment was used to conduct this research. The equipment used includes: a 5-kip (22 kN) Sigma-1 automated load frame, a 155 ml DigiFlow automated flow pump (300 psi [2069 kPa] maximum pressure output), a 75 ml DigiFlow automated flow pump (300 psi [2069 kPa] maximum pressure output), a 5-inch (12.7 cm) diameter triaxial cell (with vacuum top cap connection port and internal load cell connection port), a 200 psi (1378 kPa) pore pressure transducer, a 100 pound (444 N) external load cell, a 100 pound (444 N) internal load cell and a 1.5 inch stroke direct current displacement transducer.
Trautwein GEOTAC Truepath-SI, Version 1.0.1 software was used to control the testing equipment and to collect data.
Experiments Conducted Using Brass Dummy Sample
For experiments conducted using a brass dummy sample, a brass dummy sample was inserted into the triaxial apparatus in the place of a soil sample to isolate the piston uplift and piston friction components of the axial load. The brass sample served as a place holder while saturating the specimen drainage lines and the pore-water pressure measurement device with deaired water and while varying the cell pressure and pore-water pressure.
For experiments conducted using the brass dummy sample, three connections types were utilized to connect the specimen top cap with the external load cell. The specimen top cap connections include: a rigid connection without an internal load cell, a rigid connection with an internal load cell, and a vacuum connection with an internal load cell. Photographs and schematics of the three connection types are presented in Figures 1 and 2 .
The rigid connection without the internal load cell (Figures 1a and 2a) is attached to the sample by screwing the piston rod into the sample top cap without torquing the sample. After attaching the piston rod to the sample top cap and before filling the cell, the piston is locked in place using the piston lock. The external load cell is then screwed onto the piston (then the electronic cable is attached to the load cell) and the triaxial cell is attached to the load frame base platen using C-clamps. The piston is attached to the load frame by lowering the load frame reaction bar until it rests on the nut between the load frame reaction bar and the external load cell and then screwing the load frame connection bolt into the load cell. The connection bolt and load frame reaction bar are repositioned until no load is registered in the external load cell.
The rigid connection including an internal load cell (Figures 1b and 2b) is attached to the sample by screwing a 2.0 inch (5.08 cm) long piece of piston rod (referred to as a union) into the sample top cap without torquing the sample. The internal load cell is then screwed onto the union and the cell wall is placed around the sample. The internal load cell electronics are then attached to the triaxial cell top cap electronics and the triaxial cell top cap is lowered onto the cell wall with the piston unlocked. After the triaxial cell top cap is attached to the cell wall, the piston is screwed into the internal load cell (without torquing the sample) then locked using the piston lock. After the piston is locked, the procedure for connecting the triaxial cell to the load frame is the same as for the rigid connection.
The vacuum connection, including an internal load cell (Figure 1c and 2c) , is attached to the sample by screwing the piston into the load cell attached to the top half of the sample top cap and then connecting the top half of the sample top cap to the bottom half of the sample top cap using a vacuum connection (the vacuum line runs through the top cap of the triaxial cell). After the vacuum connection is established, the piston is locked and the procedure for connecting the triaxial cell to the load frame is the same as for the rigid connection After the triaxial cell was assembled and connected to the load frame, tests were conducted by varying the cell pressure, pore pressure and confining pressure, and measuring the load response in the axial load cell(s). The various pressure combinations used for these experiments are listed in Table 1 . 
Experiments Conducted Using Ice Dummy Sample
Ice samples were inserted into the triaxial apparatus in the place of a soil sample to isolate the membrane elongation and filter paper components of the axial load. The ice samples were prepared by freezing deaired water in a 1.5-inch (3.81 cm) diameter by 3.0 inch (7.62 cm) tall mold made from Schedule 40 PVC (Figure 3a) . Due to expansion of water during freezing, the samples were trimmed to 3.0 inches (7.62 cm) in length prior to extracting the ice sample (Figure 3b ). The ice sample served as a place holder while saturating the specimen drainage lines and the pore-water pressure measurement device with deaired water.
After assembling the triaxial apparatus and saturating the specimen drainage lines and pore-water measurement device with deaired water, the piston was locked in place and the ice sample was allowed to melt. A waiting period of 24 hours was utilized to ensure the ice sample was completely melted before the shearing stage was begun.
The melted ice (water) samples were sheared in extension at a strain rate of 0.5 percent per hour using different confining pressures. Tests were conducted at different confining pressures to determine if the variation in confining pressure affects the membrane elongation and filter paper components of the axial load. The confining pressures used include: 0 psi (0 kPa), 30 psi (207 kPa), 60 psi (414 kPa), 90 psi (621 kPa), 120 psi (827 kPa), 150 psi (1034 kPa). All tests were conducted with an effective confining pressure of 0 psi (0 kPa) by using the same pump to control the pore-water pressure and the cell water pressure.
(a) (b) Figure 3 . (a) Photograph of mold used to make ice samples with ice sample prior to shaping ice sample, (b) photograph of mold used to make ice samples with ice sample after shaping ice sample prior to ice sample extraction.
The rigid connection without an internal load cell was used to connect the specimen top cap with the external load cell. This connection was selected because of the ease of setup and the limitations of many labs not having cells with internal load cell capability. Ongoing research at the University of Arkansas is focusing on using the other connection types (rigid with internal load cell, vacuum with internal load cell) but the results from this research were not available for this publication.
RESULTS
A series of 21 tests were conducted to measure the uplift and piston friction components of the axial load and to measure membrane elongation and filter paper components of the axial load. Ten (10) tests were conducted on a brass dummy sample to isolate the uplift and piston friction components of axial load while eleven (11) test were conducted on dummy ice samples to isolate the membrane elongation and filter paper components of axial load. The results from the series of tests are discussed.
Uplift and Piston Friction
The recommended downward force required to counteract the uplift force caused by the cell pressure ejecting the piston is presented in Equation 2 (Trautwein, 2010) . With DF representing the downward force recorded in the external load cell (in lb or N),  c representing the total confining stress (in psi or Pa) and A piston representing the crosssectional area of the piston (in in 2 or m 2 ). This recommended downward force is the same regardless if the sample is being sheared in extension or compression and is plotted as the "recommended downward force" in Figure 4 . At effective stresses larger than 5 psi, the recommended downward force plots below the measured uplift force (including piston friction) for each cell pressure. Thus, using the recommended downward force equation will cause the vertical stress to be less than what is required for consolidation and shear. This reduction in stress will result in a sample that is not correctly isotropically or anisotropically consolidated (the axial stress is less than required). Therefore, it is recommended that the required downward force be calculated using the trendline (excluding the 5 psi data) through the measured data (as presented in Equation 3). Typically, during consolidated undrained triaxial testing, the sample is backpressure saturated under a low confining stress (5 psi) by increasing the back pressure and pore pressure simultaneously until the B-value indicates the sample is saturated. Because the piston is connected to the sample during triaxial extension testing, the downward force must counterbalance the upward force being exerted by the cell pressure on the piston. When using low confining stresses (between a cell pressure of 0 psi [0kPa] and approximately 46 psi [317 kPa]), the downward force exerted on the piston by the connection with the sample top cap is initially larger than the upward force exerted on the piston by the cell pressure. As the cell pressure increases (approximately 46 psi [317 kPa] to 150 psi [1034 kPa]) the downward force becomes an upward force resulting in a change in the external load cell from tension to compression ( Figure 5 ). This change in the external load cell causes non-unique hysteresis in the axial load-cell pressure curve. Because this hysteresis is non unique, it is recommended that samples are back pressure saturated using effective stresses larger than 10 psi (69 kPa) for triaxial extension testing, enabling proper downward force to be applied without hysteresis. Figure 5 . Hysteresis in measured load while using low effective confining stress during back pressure saturation.
Membrane Elongation and Filter Paper
Unlike triaxial compression testing in which the membrane and filter paper cage are in compression, during triaxial extension testing the membrane and filter paper cage are in tension. Because the membrane and filter paper cage are in tension, and are significantly contributing to the measured axial load, the components of the axial load caused by membrane elongation and filter paper must be subtracted from the measured load to obtain the correct shear strength. Eleven tests on water samples were conducted to determine the contribution of membrane elongation and filter to the axial load. Because water has no shear strength, the measured load is the membrane elongation and filter paper contribution to the axial load. Normalized (measured load divided by total cell pressure) results are presented in Figure 6 for five (5) tests conducted with different total cell pressure values. For strains less than four percent, the normalized behavior is dependent on total cell pressure, with lower cell pressures displaying lower normalized load. For stains larger than four percent, the normalized behavior of the samples with confining pressures larger than 60 psi (267 kPa) appears to be constant. Because the normalized curves are different below 4 percent, it is recommended that a normalized curve be obtained (using a dummy ice/water sample) based on the total cell pressure used for the test on soil and subtracted from the measured soil curve for each test conducted. The curves presented in Figure 6 were obtained without an effective stress being applied to the sample (equal pore water pressure and cell water pressure). The contribution of the membrane elongation and filter paper to the measured axial load on soil samples will be larger than the measured axial load on water samples because water is unable to sustain an effective stress. This additional contribution cannot be accounted for using the previously described procedures. Figure 6 . Apparent shear strength measured on membrane and filter paper encompassed water samples.
CONCLUSIONS
Unlike triaxial compression tests in which the sample can be consolidated without the piston being in contact with the sample top cap, triaxial extension tests require the piston to be connected to the sample top cap during consolidation. Also, unlike triaxial compression tests in which the membrane and filter paper provide a negligible contribution to the measured load, these components provide a significant contribution in triaxial extension testing. Piston uplift, piston friction, membrane elongation, and filter paper effects must be accounted for and subtracted from the measured load to ensure the correct stress is applied to the sample and the correct shear strength is measured. Effective confining stresses larger than 5 psi are suggested for use during back pressure saturation to prevent non-unique load hysteresis.
